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Abstract: 



We present results on a free-space atom inter- 



ferometer operating on the first order magnetically insensitive 
\F = \^mF—Q) \F = 2,mF=Q) ground state transition of Bose- 
condensed '^^Rb atoms. A pulsed atom laser is output-coupled from a 
Bose-Einstein condensate and propagates through a sequence of two 
internal state beam splitters, realized via coherent Raman transitions 
between the two interfering states. We observe Ramsey fringes with a 
visibility close to 100% and determine the current and the potentially 
achievable interferometric phase sensitivity. This system is well suited to 
testing recent proposals for generating and detecting squeezed atomic states. 
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1. Introduction 

Atom interferometry HI has proven to be an increasingly valuable technique for precision 
measurements over the last years ||2l El |4] |5l |6l . Compared to photons, atoms offer the ad- 
vantage of having an intrinsically more complex structure and therefore allowing a larger range 
of possible measurements to be undertaken. There have been a number of fundamentally im- 
portant experiments making use of the atomic mass to measure the Newtonian gravitational 
constant G |l2][3| and the fine structure constant a |l4l|5|- Recently, atomic interferometers have 
been proposed to be used for tests of general relativistic effects Q and the detection of gravita- 
tional waves m. All of these experiments and proposals are based on thermal atoms. In many 
cases, such as atomic Sagnac interferometry |f9l, improved performance can be achieved by us- 
ing laser-cooled atoms from a magneto-optical trap, substantially narrowing the atomic velocity 
distribution. Bose-Einstein condensates (BECs) comprise a macroscopic number of atoms in a 
single momentum state and have an even narrower momentum width, limited by the Heisen- 
berg uncertainty principle. This narrow velocity spread makes BECs an excellent candidate 
for highly velocity selective light-based beam splitters in atom interferometers. Furthermore, 
Bose-condensed atoms in the form of a freely propagating pulse, known as an atom laser, are a 
promising way to produce reduced-uncertainty states (squeezed states) ifTOlfTTlfTSlfTSl , poten- 
tially leading to a further increase in interferometric sensitivity (analog to the increased phase 
sensitivity in optical interferometers by using squeezed photon states 1(141 '). 



Atom interferometry with confined high density BECs is strongly affected by phase dif- 
fusion due to mean field interactions in the condensate, significantly limiting the coherence 
time HKTS). Experiments to overcome this barrier have been conducted by, e.g., reducing the 
atomic interactions via a magnetic Feshbach resonance lfT6l or utilizing number squeezed states 
ifTTlfTSl . Alternatively, mean field interactions can be significantly lowered by using a more di- 
lute cloud of atoms. Releasing the BEC from the confining potential and thereby decreasing 
its density greatly reduces the issue of phase diffusion and makes Bose-condensed atoms a 
promising alternative for free-space atom interferometry, as demonstrated by Torii et al. lfT9l in 
the context of Bragg diffraction interferometry with atomic momentum states. 

Internal state atom interferometers commonly rely on Ramsey-type interferometry, using the 
method of separated oscillatory fields 1201 . The most fundamental version of this technique 
includes two temporally or spatially separated beam splitters that couple a two-level system 
to an external driving field. Control of the time between the two beam splitters or the phase 
or the frequency of the driving field allows the observation of Ramsey fringes - an oscillation 
in population transfer between two internal states. The position of the fringe pattern contains 
information about the relative phase accumulated by the two atomic states, enabling precision 
measurements with atom inteferometers. For uncorrelated atoms, the precision of such a device 
is limited by the projection noise in the detection process ITOl . commonly known as the stan- 
dard quantum limit. To achieve detection sensitivities beyond this limit, squeezed states ifTTI 
have to be used as a source for the interferometer. Spin squeezing has been demonstrated with 
thermal Rubidium fl\\ and Cesium 12211 atoms, yielding reduced fluctuations in the population 
difference between the two internal states used in modern atomic fountain clocks. Recently, 
Esteve et al. l23]| achieved squeezing of Bose-condensed atoms in an optical lattice. The de- 
creased uncertainty in the relative number of atoms at neighboring lattice sites makes their setup 
a good candidate for improved precision interferometric measurements. Different mechanisms 
for squeezing of a freely propagating atom laser have been proposed by Haine et al. lT2l and 
Johnsson et al. 1T3| . The setup presented in this Letter is well suited for the implementation 
of either of these schemes and the most direct way of detecting the effect of squeezing on the 
performance of an atom laser interferometer. 

2. The atom laser interferometer 

We here present results on a free-space ^^Rb atom laser interferometer operating on the 
\F = l,mf = 0) ^ \F = 2, nip = 0) ground state transition, which is to first order insensitive 
to magnetic fields. An atom laser consisting of N = 7.7 x Iff* atoms is output-coupled from 
a Bose-Einstein condensate and travels under gravity through a sequence of two Ramsey-type 
(internal state) beam splitters. To the best of our knowledge, this is the first such demonstration 
using Bose-condensed, instead of thermal atoms, in a free-space internal-state interferometer 

2.1. Experimental scheme 

The setup for producing Bose-Einstein condensates is described in detail in reference l24ll . 
In brief, we collect and cool lO"^ '^^Rb atoms in a three-dimensional magneto-optical trap 
(MOT), loaded from a two-dimensional MOT. After polarization gradient cooling and optical 
pumping into the desired internal ground state \F = l,mF = — 1), the atoms are mechanically 
transported and transferred into a harmonic quadrupole-Ioffe-configuration (QUIC) trap. We 
use radio-frequency induced evaporative cooling and achieve a Bose-Einstein condensate of up 
to 10^ atoms in the \F ^ 1, mf = — 1 ) state. By means of radio frequency (rf) induced spin-flips 
II25I . atoms are coherently transferred from the condensate into the untrapped \F = l,m/r = 0) 
state, in which they fall away from the condensate under gravity. 

Starting from the output-coupled \F ~ l,mf = 0) atom laser pulse, we construct an internal 



state interferometer for the two ground states \F = l,mf = 0) and \F = 2,m/r = 0) of **^Rb. 
They are coupled by copropagating circularly polarized focussed Raman beams, allowing spa- 
tially selective addressing of the atom laser. In order to achieve the required high relative phase 
stability of the different frequency components in the Raman beams, we use a single external 
cavity diode laser (ECDL), detuned by A = lOOGHz from the Rb D2-line, as the laser source 
for the interferometer. Via an electro-optic phase modulator (EOM), we produce sidebands with 
a spacing of 3.4GHz, corresponding to half the ground state hyperfine splitting of ^^Rb, on the 
light coming from the ECDL. The stability of the microwave source is improved by locking 
it to a GPS-based external reference oscillator. As the Rabi frequency for Raman transitions 
driven by purely phase-modulated light vanishes due to destructive interference 1261 l27l . the 
EOM is placed in one arm of a Mach-Zehnder interferometer (MZI). This allows us to partly 
convert phase into amplitude modulation and drive the desired transition in the atom laser beam 
splitters. To reduce phase fluctuations between the two frequency components driving the Ra- 
man transitions, the two arms of the Mach-Zehnder interferometer are locked using a piezo- 
controlled mirror and a balanced homodyne detection scheme. The modulation setup is simi- 
lar to the one described in 1261 . where a true two-state atom laser output-coupling scheme is 




Fig. 1. (a) Level scheme and (b) experimental setup of the Raman beam splitters for the 
atom interferometer. The atom laser pulse propagates under gravity through the two beam 
splitters and is subsequently imaged via a state selective absorption imaging scheme. Split- 
ting the optical beam path with a calcite crystal close to the atom laser interferometer allows 
for improved relative stability of the two beam splitter positions. The light source is an ex- 
ternal cavity diode laser (ECDL), in combination with an electro-optic modulator (EOM) 
placed in one arm of a Mach-Zehnder interferometer (MZI). 



achieved via selective Raman transitions between only two states of the ground state hyperfine 
manifold Il26ll28l . 

The geometric design for the realization of two spatially separated Ramsey beam splitters is 
shown in figure[Tl Two vertically displaced sheets of light are produced using a combination of 
a calcite crystal and cylindrical lenses. The light from the modulation setup is pre-focussed by 
the first cylindrical lens (focal length / ~ 500 mm) and subsequently sent through a birefringent 
calcite crystal to produce two beams with a spatial separation of 2 mm. The second cylindrical 
lens (/ = 100 mm) focusses the light onto the propagation axis of the atom laser and gener- 
ates two sheets of light with a width (2wo) of 40 /im. A pulsed atom laser is output-coupled 
from the condensate and travels through the Raman light sheets. The velocity of the atom laser 
pulse depends on its fall time, which means that for an identical splitting ratio, the intensity 
requirements for the upper and the lower beam splitter are different. The relative intensity is 
controlled by a A/2-waveplate placed before the (polarization-dependent) calcite crystal. The 
propagation time Tp = 6.04(3) ms between the beam splitters is determined from the Ramsey 
fringe pattern (see below). In a separate calibration experiment, we measure the time Tq it takes 
to reach the first beam splitter. To = 5.0(2) ms. Converting these measurements into spatial co- 
ordinates yields a separation of 474(10) jJ-m between the two beam splitters and a distance of 
123(10) jiim between the center of the Bose-Einstein condensate and the upper beam splitter. 
Relative position fluctuations of the two light sheets are strongly supressed in this system, as 
the beams travel along the same path up to the calcite crystal, and vibrations of optical elements 
in the split beam path are of common mode to both of the beams. A stable absolute position is 
ensured by a rigid mechanical assembly. 

After traversing the two beam splitters, the atom laser pulse is imaged via a state selective 
absorption imaging sequence. We first image atoms in the F — 2 hyperfine state with a resonant 
light pulse. The momentum imparted by the imaging photons is large enough for the atoms to 
leave the imaging region within a time well below 1 ms. After a delay time of 1 ms, correspond- 
ing to a travel distance of the atom pulse of about 150 /im, we repump all atoms from the F ~l 
into the F ^2 manifold with a light pulse resonant to the F = I atoms and subsequently take a 
second absorption image. This procedure yields an independent measurement of the population 
in both internal states, allowing us to neglect the influence of run-to-run number fluctuation in 
our Bose-Einstein condensates. 

2.2. Ramsey fringe measurement 

We record Ramsey fringes by varying the detuning 5 from two-photon resonance with the 
EOM. The sohd red line in figure |2] depicts a typical experimental data set. The Ramsey fringe 
period is determined via a fit to the central part of the fringe pattern and gives a value of 
/o = 165.7(8) Hz. The propagation time between the beam splitters is the inverse of that value, 
Tp = 6.04(3) ms. The power-broadened width of the Ramsey fringe envelope (FWHM) is about 
3 kHz, determined by the two-photon Rabi frequency. We adjust the light intensity such that for 
a single beam splitter 50 % of the atomic population is transferred, and thus the envelope width 
corresponds to the inverse of the traversal time through the interaction zones. The visibility 
of the Ramsey fringes is close to 100%, showing the good spatial mode matching and narrow 
velocity distribution of the interfering atom pulse. We apply a semi-classical model for the light- 
atom interaction and simulate the Ramsey interferometer based on Raman transitions between 
the two internal states driven by a light field containing two frequencies. The result of the 
simulation with conditions comparable to the ones present in the experiment is shown by the 
blue dashed line in figure|2] This simplified theoretical simulation shows reasonable agreement 
with the shape of the Ramsey fringe pattern. Due to differential light shifts, the Ramsey fringes 
are not centered around zero two-photon detuning 5. 
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Fig. 2. Ramsey fringes measured over a range of 6.5kHz. The red solid curve shows an 
experimental data set, and the blue dashed curve depicts simulated Ramsey fringes for 
comparable experimental conditions. The upper (lower) clouds of atoms in the absorption 
pictures above the graph show the population in the \F = 2,mf = 0) (\F = l,mf = 0)) 
state, for different detunings from two-photon resonance. Two adjacent absorption pictures 
correspond to a frequency difference of 20 Hz. 

2.3. Interferometric sensitivity 

The phase sensitivity of the interferometer is determined by the signal-to-noise ratio on the 
Ramsey fringes. We determine the noise via a separate measurement of a Ramsey fringe (fig- 
ure [Sj. For each data point in the graph, we average over five experimental runs, correspond- 
ing to a measurement time of six minutes per point. Given the uncertainties (SEM) in fig- 
ure [3] and the measured fringe visibility, we calculate the minimum measurable phase shift to 
0.24(10)rad. The accumulated phase in an interferometer is usually proportional to the meas- 
ured quantity, such as a rotation or a differential energy shift due to a magnetic field. For demon- 
strative reasons, we calculate the frequency sensitivity in the presented apparatus and obtain a 
value of 6. 3(2. 6) Hz, corresponding to a relative frequency sensitivity of 9.2(3.8) x 10^^". This 
sensitivity does not compete with highly accurate frequency measurements in atomic clocks 
(see, e. g., |[29l ); however, the purpose of this paper is to demonstrate an atom laser based Ram- 
sey interferometer rather than the improvement of current frequency sensitivities. The overall 
number of detected atoms per shot is = 7.7 x 10^. Mechanical fluctuations in the imaging 
beam path lead to a time varying interference pattern on the images, resulting in a standard 
deviation of the detected atom number of a = 4 x 10^. However, due to our normalization pro- 
cedure, this uncertainty does not strongly influence the observed Ramsey signal. The current 
sensitivity is limited by different noise sources. The Mach-Zehnder interferometer used in the 
light modulation setup introduces a phase difference between its two arms, and fluctuations in 
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Fig. 3. Noise measurement for a typical sequence of Ramsey fringes. Each data point is 
averaged over five experimental runs. The red dots (blue circles) show the population in the 

\F = 2,mf = 0) (|F = l,mf = 0)) state. 

that parameter inevitably lead to a change in Rabi frequency and light shift at the positions 
of the two beam splitters. Despite our balanced homodyne locking scheme, this mechanism 
is a dominant source of uncertainty and strongly increases the noise on the Ramsey signal. 
Furthermore, mechanical vibrations of the optical components in the beam path change the po- 
sition of the beam splitters compared to the position of the condensate in the magnetic trap. 
We reduce the influence of mechanical vibrations by using a solid and compact optical setup. 
In the regime that we are operating the interferometer, phase noise of the microwave source 
driving the electro-optic modulator can most likely be neglected. By eliminating all the above 
mentioned noise sources, optimizing the detected atom number and extending the propagation 
time Tp from 6 ms to 65 ms (the geometrical limit of our current apparatus), we can poten- 
tially achieve a phase sensitivity of 9.8 x 10^''^rad (corresponding to a frequency sensitivity of 
2.4 mHz) when operating at the standard quantum limit. 

3. Conclusion 

In the work presented above, we demonstrate free-space Ramsey interferometry on the first or- 
der magnetically insensitive transition \F = I, nip = 0) ^ \F ^ 2,mf = 0) of Bose-condensed 
^^Rb atoms. We plan to extend the current setup and build an atomic Mach-Zehnder inter- 
ferometer with spatially separated arms, allowing us to introduce sensitivity to spatial effects, 
such as rotations, into our experiment. Due to its narrow velocity distribution, the atom laser 
is well suited for large momentum transfer beam splitters, which are a promising way towards 
increased interferometric sensitivity. However, the average flux of the atom laser is lower than 
that achieved in thermal atom interferometer sensors, yielding a potentially lower signal-to- 
noise ratio. To a large extent, this could be improved by extending the recently realized pump- 
ing experiment lf30l [311 towards a truly continuous atom laser. The alternative route towards 
a decreased variance in (relative) atom number is the introduction of squeezing onto our atom 
laser beam. When the major noise contribution is given by the quantum projection noise of the 
population in the two interfering states, squeezing of the pseudo-spin representing the effective 



two-level system can significantly decrease the variance. There have been different proposals 
of how to achieve squeezing of an atom laser beam lfT2l[T3l . both of which can potentially be 
realized in our setup. 
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